Immediate percutaneous transluminal coronary angioplasty has been advocated for patients with a residual stenosis after coronary thrombolysis because of the possibility that the residual stenosis may restrict reflow and thereby increase infarct size. Because there are few experimental data bearing on this issue, we measured left ventricular function, myocardial blood flow, and infarct size in 20 anesthetized open-chest dogs during 2 hr of left circumflex occlusion and 4 hr of reperfusion. Ten animals were reperfused through a critical stenosis of the left circumflex artery (critical stenosis group) and the remaining 10 animals underwent full reperfusion without stenosis (control group). In both groups, a comparable degree of echocardiographic systolic wall thinning was present during occlusion and partial recovery of global and regional left ventricular function was seen after reperfusion. There were no significant differences in global or regional left ventricular function in the two groups. Subendocardial blood flow was decreased in the critical stenosis group relative to the control group at 5 min after reperfusion (0.52 + 0.16 ml/min/g in the critical stenosis group vs 1.55 + 0.32 ml/min/g in the control group, p < .05) but not at 4 hr after reperfusion, when a reduced reflow response was seen in both groups. No differences in subepicardial blood flow were seen in the two groups of animals. Infarct size was slightly greater in the critical stenosis group than the control group, but this difference was not statistically significant (infarct/risk area ratio: 55.5 + 7.8% in the critical stenosis group vs 39.4 + 9.7% in the control group, p = .21). A close inverse exponential relationship was seen between infarct size/risk area ratio and subendocardial blood flow during occlusion (r = .89, p = .001). Two control animals had high levels of subendocardial collateral flow (> 0.2 ml/min/g); when these animals were excluded from analysis, differences in the infarct size/risk area ratio in the control and critical stenosis groups were less striking: (55.5 + 7.8% in the critical stenosis group vs 48.4 + 9.6% in the control group). Thus, the presence of a critical stenosis results in restriction of hyperemic blood flow to the subendocardium after reperfusion but does not influence infarct size or early left ventricular functional recovery. Circulation 77, No. 4, 915-926, 1988. RECENT DATA have established the primary pathophysiologic role of coronary thrombosis in acute myocardial infarction1 and have resulted in a shift in therapeutic strategy toward the early use of thrombolytic agents to achieve coronary reperfusion.24 Experimental studies in canine preparations have shown that reperfusion of a coronary artery can reduce infarct size
if implemented within 3 hr of occlusion.57 However, in most patients with acute myocardial infarction, successful thrombolysis results in reperfusion through a residual stenosis of the infarct-related coronary artery.3' 8 Some clinical studies have advocated early percutaneous transluminal coronary angioplasty in these patients to improve the level of reperfusion and increase myocardial salvage,9'`but the experimental evidence to support this approach is quite limited. Characterization of the effects of a residual stenosis on ultimate myocardial salvage and left ventricular functional recovery are essential before the optimal timing of more definitive revascularization procedures can be determined.
The effects of partial reperfusion after coronary occlusion have been examined in a number of recent 915 studies using various experimental canine preparations, but several questions remain unanswered. Some investigators have demonstrated that a transient period of partial reflow preceding full reperfusion may be beneficial.1" 12 However, studies examining the effects of a sustained residual stenosis during reperfusion have reported disparate results, with some demonstrating larger infarction13 and others showing no difference. '4' 15 In addition, the effects of a critical residual stenosis on coronary blood flow distribution and early changes in left ventricular function have not been assessed.
In view of these considerations, we studied 20 dogs during coronary occlusion and reperfusion to evaluate the effects of a critical coronary artery stenosis on infarct size, myocardial blood flow, and left ventricular function. Methods Animal preparation. A group of 42 male mongrel dogs was studied; 22 dogs died during the experimental protocol and data from these animals were excluded. The remaining 20 animals, weighing between 20.0 and 30.4 kg (mean 25.8 ± 0.6 kg), survived the experimental protocol and are the subject of this report.
The animals were fasted overnight and on the following morning, were anesthetized with 10 ml of thiamylal sodium 5%, followed by 2 ml of sodium pentobarbital 6%, intravenously. Additional sodium pentobarbital was administered during the experiment as necessary. Artificial respiration was maintained with a Harvard respirator. A left thoracotomy was performed through the fifth intercostal space and polyvinyl catheters were placed in the left internal jugular vein for fluid and drug admin-istration and in the left internal carotid artery and both femoral arteries for pressure monitoring and withdrawal of reference blood samples. A catheter was placed in the left atrium for injection of radioactive microspheres. The left circumflex artery was dissected free of surrounding tissue and an electromagnetic flow probe (Zepeda instruments) and snare occluder were placed on the vessel proximal to the first obtuse marginal branch (figure 1).
The dogs were randomly assigned to one of two groups: (1) full reperfusion (control group, 10 dogs) and (2) reperfusion through a critical stenosis (critical stenosis group, 10 dogs). Animals in the control group underwent no further instrumentation. In the critical stenosis group, a mechanical screw occluder was placed around the coronary artery proximal to the snare occluder (figure 1). The occluder was adjusted to produce a coronary stenosis that eliminated the hyperemic response after release of a 20 sec occlusion of the left circumflex artery without reducing baseline flow. This has previously been shown to correspond to a diameter stenosis of approximately 70% to 75%. 16 Experimental protocol. After an intravenous bolus injection of 50 mg of lidocaine, the circumflex coronary artery was occluded with the snare occluder for 2 hr. Complete occlusion was verified with the electromagnetic flow probe. The snare was then released suddenly, allowing reperfusion of the coronary vascular bed. After 4 hr of reperfusion, 3000 units of heparin and 10 to 20 ml of saturated potassium chloride were administered intravenously and the dogs were killed.
Two-dimensional echocardiograms and hemodynamic measurements were acquired before occlusion, after 110 min of occlusion, 5 min after reperfusion, and 4 hr after reperfusion. In the critical stenosis group, baseline echocardiographic images were acquired both before and after production of the critical stenosis to verify stability of baseline left ventricular function. Two-dimensional echocardiography was performed with use of a Diasonics 3400R scanner and a 2.25 MHz transducer. The transducer was placed on the closed, shaved right chest and allowed full visualization of the circumferential extent of the left ----Snare Occluder Flow Probe Mechanical Occluder FIGURE 1. Schematic representation of experimental instrumentation: electromagnetic flow probe, mechanical screw occluder, snare occluder, and left atrial catheter were positioned as shown. Echocardiographic short-axis projection of the left ventricle was obtained through the right chest.
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LABORATORY INVESTIGATION-MYOCARDIAL INFARCTION ventricle in a short-axis projection (figure 1). Echocardiographic images were recorded at the midpapillary muscle position onto a videocassette with use of a Sony recorder. Tracer-labeled microspheres (15 ,m diameter, New England Nuclear) were injected into the left atrium for measurement of regional myocardial blood flow by the reference withdrawal method.'7 The microspheres were ultrasonicated and vortex agitated before injection. Microspheres were injected before occlusion in 13 of the 20 animals (six from the control group and seven from the critical stenosis group), and in all animals after 110 min of occlusion, 5 min after reperfusion, and 4 hr after reperfusion with one of six available isotopes (H41Ce, 51Cr, 113n, '03Ru, 95Nb, 46Sc). Simultaneous reference arterial samples were withdrawn from the carotid and femoral arteries at a constant rate of 7 ml/min with a Harvard withdrawal pump starting 10 sec before microsphere injection and continuing for 120 sec after completion of the injection.
Determination of infarct size. After death, the heart of each dog was excised and the left ventricle was isolated from surrounding tissue, cooled in a freezer for 15 min, and then sliced into 5 mm transverse sections. The slices were then weighed and placed in a warm bath of buffered triphenyl tetrazolium chloride for 10 min. 18 The infarcted tissue was identified by the absence of red staining and this zone was outlined on transparent overlays and quantitated by planimetry. In addition, the left ventricular slices were examined to determine the transmural extent of necrosis. Subendocardial infarction was defined as necrosis extending from the endocardium to less than one-third of the full thickness of the myocardium, midmyocardial infarction as necrosis extending to between one-and two-thirds of the myocardium, and transmural infarction as necrosis involving more than two-thirds of the full thickness of the myocardium. Autoradiographic analysis. At 30 min after occlusion in all animals, 600,000 99mTc-labeled microspheres (20 Km diameter) were injected into the left atrium for subsequent autoradiographic analysis of the area at risk in vivo.'9 After triphenyl tetrazolium chloride staining and outlining of the infarcted zone, the left ventricular slices were exposed for 18 hr on a sheet of XAR S high-speed x-ray film and developed with an X-Omat automatic processor. On the final radiogram, normally perfused tissue appeared as an area of high radiographic density, whereas hypoperfused tissue appeared as an area of diminished or absent radioactivity. The hypoperfusion zone was traced on a transparent overlay, quantitated by planimetry, and then expressed as a percentage of the left ventricular mass. Infarct size was expressed as a percentage of the left ventricular mass as well as a percentage of the hypoperfused area at risk. Analysis of regional myocardial blood flow. Two adjacent transverse left ventricular slices at the midpapillary muscle level, corresponding to the echocardiographic short-axis slices, were selected for blood flow determination. Each slice was cut into 16 full-thickness 22.5 degree sectors. Each sector was then further divided into epicardial, midmyocardial, and endocardial samples. The tissue samples were then weighed, placed in counting vials, and assayed for radioactivity in a Tracor (model 1185) gamma scintillation counter. After background and overlap correction, absolute mycardial blood flow was calculated with the following equation: Qm = (Cm x Qr/Cr, where Qm = myocardial blood flow (ml/min); Cm = counts/min in tissue sample; Qr = withdrawal rate of the reference arterial sample (ml/min); Cr = counts/min in the reference arterial sample.
Myocardial blood flow was expressed per gram of tissue for each sample. '7 Echocardiographic analysis. Two-dimensional echocardiographic analysis was performed with the use of a Diasonics minicomputer-based video digitizing system as previously validated in our laboratory.20 21 End-diastolic and end-systolic frames were selected for analysis with the use of the onset of the Q wave in lead II as a marker of end-diastole and the smallest left ventricular cavity size as a marker of end-systole. Endocardial and epicardial borders for 3 consecutive beats during normal sinus rhythm were carefully traced directly from the video display onto a digitizing tablet. Quantitative analysis was performed with a radial contraction model and a fixed diastolic center of mass at 22.5 degree intervals over the full left ventricular circumference. '`The midpoint of the posterior papillary muscle was chosen as a fixed anatomic reference and designated as 135 degrees. Wall thickening was computed for each of the 22.5 degree sector with the following equation: wall thickening = [(end systolic wall thicknessend-diastolic wall thickness)/end diastolic wall thickness] x 100%. The normal range of wall thickening was determined from a functional map of the baseline images for three cardiac cycles and 95% tolerance limits were established in each animal. These limits were used for comparison with occlusion and reperfusion functional maps and abnormalities were expressed as the circumferential extent of dysfunction and the degree of dysfunction. '9 The extent of dysfunction (in degrees) was measured at the intercepts between the occlusion or reperfusion maps and the lower 95% tolerance limit; the degree of dysfunction (in area units) was the planimetered area below the lower 95% tolerance limit (figure 2). Statistical analysis. All data are represented as the mean ± SEM. Comparisons within groups were made by a two-way analysis of variance; when significant F values were obtained, paired t tests (corrected for multiple comparisons with the Bonferroni inequality adjustment) were used to determine which measurements differed significantly from one another.22 Comparisons between groups were made by unpaired t test. An exponential regression was used to correlate infarct size data to myocardial blood flow.
Results
Baseline characteristics. The baseline characteristics of the animals in the two groups are described in table 1. With the exception of subendocardial blood flow, which was slightly higher in the posterior wall in the critical stenosis group, baseline hemodynamic, echocardiographic, and blood flow variables were similar in the two groups.
Arrhythmias and hemodynamics. Twenty-two animals developed ventricular fibrillation and died during the experimental protocol. These animals were excluded from further analysis. In these animals, ventricular fibrillation occurred shortly after occlusion in 15 (five from the critical stenosis group and 10 from the control group) and occurred shortly after reperfusion in seven (one from the critical stenosis group and six from the control group).
Of the 20 animals who survived the study protocol, all were in normal sinus rhythm at baseline. One animal in the control group developed isolated uniform ventricular premature beats (VPBs) dt.ng coronary occlusion. Reperfusion ventricular arrhythmias were frequent in both groups and their incidence was not . . . . . Circumferential Angle (0) FIGURE 2. A circumferential wall thickening map derived from the two-dimensional echocardiography study (see text for details). Baseline wall thickening was used to define 95% tolerance limits for each dog. After left circumflex coronary occlusion, a well-defined thickening abnormality is evident. The extent and degree of dysfunction were measured directly from this map, as illustrated.
control group (one with <5 VPB's/min, one with > 6 VPBs/min, two with accelerated idioventricular rhythm or ventricular tachycardia) and three from the critical stenosis group (all with <5 VPBs/min). At late reperfusion, ventricular arrhythmias were present in four animals from the control group (three with > 6 VPBs/min, one with accelerated idioventricular rhythm) and six from the critical stenosis group (one with < 5 VPBs/min, two with > 6 VPBs/min, three with accelerated idioventricular rhythm or ventricular tachycardia). Hemodynamic data are summarized in table 2. There were no significant changes in heart rate during occlu- 918 sion or reperfusion in either group. Mean arterial pressure did not change in the control group, but fell significantly in the critical stenosis group at late reperfusion. However, there were no significant differences in hemodynamic variables between groups.
Circumflex coronary blood flow. Data on left circumflex coronary artery blood flow as measured by the electromagnetic flow probe were complete in 14 animals (six from the control group and eight from the critical stenosis group) and are summarized in table 2.
The coronary blood flows were similar in the two groups at baseline and fell to zero in each group during occlusion. A moderate hyperemic response was seen in the control group at early reperfusion and blood flow returned to near-baseline levels by late reperfusion. A hyperemic blood flow response was not seen in the critical stenosis group at early reperfusion and blood flow was significantly lower than that in the control group at this time point.
Global left ventricular function. Global left ventricular function data are summarized in table 3. Both groups of animals showed similar trends in global left ventricular function during occlusion and reperfusion and there were no significant differences between groups. 4, April 1988 In each group, the two-dimensional echocardiographic end-diastolic areas and end-systolic areas tended to rise during occlusion and fall to near-baseline levels after reperfusion. The area ejection fraction fell significantly in each group during occlusion and recovered incompletely after reperfusion. There was a trend toward greater global functional recovery in the critical stenosis group at late reperfusion, but this fell short of statistical significance in the comparison with the control group.
Regional left ventricular function. Regional changes in left ventricular function are summarized in table 3. As with global function changes, similar trends in regional left ventricular function were seen in the two groups of animals and there were no significant differences between groups. The circumferential extent of dysfunction and the degree of dysfunction increased substantially during occlusion in both groups and each showed transient improvement at early reperfusion. The improvement in extent and degree of dysfunction from occlusion to early reperfusion, however, was not statistically significant.
The changes in wall thickening in the ischemic zone paralleled the changes in the extent and degree of dysfunction in both groups of animals. Dyskinesis developed during occlusion in both groups, with only minor improvement at early reperfusion and late reperfusion. The improvement in ischemic zone wall thickening from occlusion to reperfusion was not statistically significant. There was a trend toward regional hyperfunction in the normal zone during occlusion and reperfusion in both the control and critical stenosis groups, although this change was statistically significant only in the control group. However, as noted above, there were no significant differences in either ischemic zone or normal zone wall thickening between the two groups.
Regional myocardial blood flow. Changes in regional myocardial blood flow measured by radioactive microspheres are summarized in table 4 and figure 3. During occlusion, ischemic zone subendocardial blood flow was markedly depressed in both groups, demonstrating that each group had comparably limited collateral blood flow to the subendocardium (figure 3, bottom). At 5 min after reperfusion, a modest hyperemic response was seen in the control group but not in the critical stenosis group, where subendocardial blood flow remained depressed (p < .01 vs control group).
A limited reflow response was seen in both groups at late reperfusion and differences between the two groups were not significant at this stage of the protocol. There were no significant changes in subendo-919 cardial blood flow in the normal zone in either group.
The changes in subepicardial blood flow to the ischemic zone (figure 3, top) were similar in the two groups, with an approximate 50% reduction in flow during occlusion, a preserved hyperemic response during early reperfusion, and levels similar to baseline at late reperfusion. There were no significant changes in normal zone subepicardial blood flow in either group. Differences in subepicardial blood flow between the two groups were not statistically significant.
Risk area and infarct size. As shown in figure 4 , the autoradiographic risk areas were very similar (39.7 ± 2.5% of left ventricle for the control group vs 36.0 ± 2.3% of left ventricle for the critical stenosis group, p = .29). Infarct size, when expressed as a percentage of the area at risk, was slightly greater in the critical stenosis group (55.5 ± 7.8% vs 39.4 + 9.7% in the control group), but this difference was not statistically significant (p = .21). Infarct size, when expressed as a percentage of left ventricular mass, was also slightly greater in the critical stenosis group (23.6 + 3.6% vs 16.0 ± 3.8% in the control group) but again, this difference fell short of statistical significance (p = .17). The transmural extent of infarction was not sig- Significant differences between groups are indicated. nificantly different in the two groups. In the control group, six animals had evidence of transmural infarction and four had subendocardial infarction. In the critical stenosis group, six animals had evidence of transmural infarction, three had midmyocardial infarction, and one had subendocardial infarction.
Infarction/blood flow relationships. To identify the relative importance of subendocardial and subepicardial blood flow to the ischemic zone in determining infarct blood flow during occlusion (r = .69, p = .01; figure  5 , B) and subendocardial blood flow during early reperfusion (r = .56, p = .022; figure 5, C). As illustrated in figure 5 , A, two animals in the control group had particularly high levels of subendocardial blood flow during occlusion (>0.2 ml/min/g) and sustained very small infarctions. When data from these two animals with high collateral flow were excluded, the apparent difference in infarct size between the control and critical stenosis groups became less striking (infarct size/risk area ratio: 48.4 ± 9.6% in the control group vs 55.5 + 7.8% in the critical stenosis group; infarct size/left ventricle: 19.7 ± 3.8% in the control group vs 23.6 + 3.6% in the critical stenosis group).
To further characterize the influence of regional myocardial blood flow on variables of necrosis, blood flow data were compared in groups categorized according to transmural extent of necrosis. As shown in table 5, a greater transmural extent of infarction was associated with lower subendocardial blood flow at occlusion and early reperfusion and lower subepicardial blood flow at occlusion.
Discussion
Despite the increasing clinical use of early interventional therapies in the treatment of acute myocardial infarction, much uncertainty remains as to the precise effects of reperfusion after coronary occlusion and the modifying effects of a critical stenosis in this setting. Many investigators have focused on the potential for coronary reperfusion to produce additional myocardial injury. Early studies demonstrated that reperfusion may result in myocardial hemorrhage and extension of infarction23 and may contribute to further edema formation.24 Sharma et al.25 later demonstrated the propensity for calcium accumulation in reperfused 922 myocardium with the potential for further myocardial damage and arrhythmias. However, while acknowledging the existence of reperfusion injury, other studies have established that coronary reperfusion can salvage myocardium when implemented early after the ischemic insult.6' 7 In light of these developments and the increasing clinical utilization of reperfusion therapies in patients with acute myocardial infarction, the experimental emphasis has shifted toward identifying the optimal conditions for minimizing the extent of reperfusion injury and maximizing myocardial salvage.
The effects of a critical stenosis of the infarct-related coronary artery on infarct size is of great importance, both because of its pathophysiologic implications and its clinical relevance. It could be argued that a critical stenosis should exert a beneficial effect by attenuating the degree of early reflow and hence, limiting the amount of reperfusion-induced microvascular and myocardial injury. On the other hand, by abolishing the early hyperemic response and limiting the amount of reflow, a critical stenosis may reduce the effectiveness of reperfusion and minimize myocardial salvage.
Our results suggest that the presence of a residual critical coronary artery stenosis does not have an adverse effect on the extent of myocardial salvage during reperfusion. Although modest differences in infarct size were apparent in the two groups of animals in the present study, the differences are not likely of major clinical importance and can largely be explained by differences in collateral blood flow ( figure 5 ). Based on the number of animals used in the present experiment, our protocol should have been able to detect a true difference of 25% in the infarct size/risk area ratio between groups (oL = 0.05 by 2-tailed test, , = 0.2 ensuring a power of 80%), but may have missed a smaller difference (type II error). The two groups of animals in the present experiment showed a relatively CIRCULATION LABORATORY INVESTIGATION-MYOCARDIAL INFARCTION uniform pattern of hemodynamic and left ventricular function changes during the occlusion/reperfusion protocol. As expected in the presence of a hemodynamically significant stenotic lesion, restriction of the hyperemic response was apparent in the critical stenosis group during early reperfusion, particularly in the subendocardium. However, evidence of reduced myocardial reflow2,2' was seen in both groups of animals during reperfusion.
Of particular interest in the present study was the relationship between myocardial blood flow and both infarct size and the extent of transmural necrosis. Infarct size correlated most strongly with subendocardial blood flow during occlusion and this relationship was evident in both groups of animals ( figure 5, A) . Similarly, the transmural extent of infarction appeared to be predominantly influenced by the adequacy of subendocardial and subepicardial blood flow during occlusion. A weak correlation was documented between subendocardial blood flow during early reperfusion and infarct size, but the importance of this finding is uncertain given that infarct size was not significantly different in the two groups.
Two recent studies compared the effects of sudden vs gradual or staged reperfusion in dogs after coronary occlusion."' 12 Yamazaki et al.1`demonstrated that partial reperfusion for 2 hr after 3 hr of coronary occlusion resulted in less ventricular arrhythmias and earlier recovery of left ventricular function than sudden reperfusion in a closed-chest dog preparation. Infarct size was similar in the two groups. Okamoto et al.12 similarly demonstrated that partial reperfusion for 20 min after 4 hr of coronary occlusion during total vented bypass in the open-chest dog was associated with less myocardial edema and better left ventricular function and also resulted in more myocardial salvage than sudden reperfusion. However, these protocols differ substantially from ours in that the conditions producing partial reflow were not maintained throughout the reperfusion period.
In previous studies in which a residual stenosis was sustained during reperfusion, there is disagreement regarding its effects on infarct size. Granato et al.14 compared open-chest dogs subjected to 1 hr of coronary occlusion followed by 2 hr of either full reperfusion or reperfusion through a critical stenosis and found no differences in infarct size. However, as would be expected with a relatively short occlusion period, infarct size comprised only 3% to 4% of the left ventricular mass in these animals. In a subsequent study by the same investigators, a 3 hr occlusion/2 hr reperfusion protocol was used in groups of dogs with and Vol. 77, No. 4, April 1988 without a critical stenosis.15 Infarct size expressed as a percentage of left ventricular mass was again similar in the two groups. By contrast, ined the effects of a hypercritical stenosis on infarct size in open-chest dogs undergoing 2 hr of occlusion followed by 4 hr of reperfusion and found significantly larger infarcts in those animals with a stenosis.
It is of interest to compare these results with those of our own study. Although Granato et al. used 1 and 3 hr occlusion protocols with shorter periods of reperfusion than we used in the present study, they also observed that a critical stenosis had a minimal effect on myocardial salvage. By contrast, despite similar timing of occlusion and reperfusion and choice of artery, Schmidt et al. reported substantially different findings. Infarct sizes in their study were uniformly and unexpectedly large whereas the infarct sizes in our study were smaller, more variable, and more consistent with previous occlusion/reperfusion studies in anesthetized open-chest canine models. 28 29 Schmidt et al. produced hypercritical stenoses in their animals, reducing blood flow to 30% of baseline at the start of the protocol, and in two of six animals, this progressed further to complete obstruction during the experiment. This may have significantly affected their results and accounted for the differences between our studies. Schmidt et al. also did not measure regional blood flow in their study. Based on our observations and those of Granato et al., the presence of a residual stenosis that is critical in severity (70% to 75% diameter reduction) does not adversely influence the extent of myocardium salvaged by reperfusion. The findings of Schmidt et al. could be interpreted to suggest that a more severe (hypercritical) stenosis is detrimental but we believe that additional investigation will be required to verify this possibility.
The effects of a residual stenosis on recovery of left ventricular function after coronary occlusion and reperfusion have not been well documented in the experimental setting. Clinical studies have suggested that the presence of a residual stenosis in the infarct-related vessel may impair functional recovery both regionally and globally after acute intervention in myocardial infarction.30' 31 In a recent experimental study by Akaishi et al. , the presence of a critical coronary stenosis was shown to delay functional recovery after brief 2 min periods of occlusion, but the effect of a critical stenosis was not examined during a more prolonged period.32 Heyndrickx et al. 33 suggested a possible relationship between the preservation of the hyperemic response during early reperfusion and subsequent recovery of left ventricular function in an experimental 923 study in conscious baboons. Recent data reported by Stahl et al.34 lends further support to the existence of a direct cause and effect relationship between hyperemic blood flow and enhancement of function of stunned myocardium. In view of these considerations, one might expect blunting of the early hyperemic response by a critical stenosis to result in impairment of left ventricular functional recovery. In our study, the presence of a critical stenosis had no further detrimental effect on global or regional left ventricular function immediately after reperfusion and did not influence early functional recovery at 4 hr after reperfusion. However, we cannot preclude more prolonged effects of a critical stenosis on left ventricular functional recovery.
The effects of a critical stenosis on the spatial and temporal patterns of reflow were well illustrated by the present study. These effects were most apparent at early reperfusion and were manifested by a restriction of hyperemic blood flow in the subendocardium, with a relative shift in blood flow in favor of the subepicardium, where the hyperemic response was only moderately blunted. However, after 4 hr of reperfusion, evidence of a reduced reflow response was apparent in both the critical stenosis and control groups, although blood flow was modestly but insignificantly lower in the stenosis group. These results are in agreement with those of Granato et al., who also showed blunting of the early hyperemic response to the subendocardium in animals with a critical stenosis and a similar extent of reduced reflow after 2 hr of reperfusion. 15 Endothelial injury, interstitial edema, interstitial hemorrhage, leukocyte plugging, and myocyte swelling have all been advanced as potential mediators of the reduced myocardial reflow response, but the influence of a critical stenosis on these factors and their expression as reduced reflow is not well understood. In the presence of postischemic endothelial injury, it could be argued that a critical stenosis will tend to attenuate the extent of microvascular extravasation, resulting in less interstitial edema. Previous studies have failed to demonstrate an important relationship between the extent of interstitial hemorrhage and the presence of a stenosis.13 Microvascular leukocyte plugging may be an important determinant of immediate reduced reflow and the extent of leukocyte accumulation appears to be inversely proportional to regional blood flow during occlusion. 35 36 Additional leukocyte accumulation occurs during early reperfusion despite the reestablishment of high rates of regional blood flow. 35 Although restriction of the reactive hyperemic response by a critical stenosis may influence the degree 924 of leukocyte accumulation, no clear relationship has been demonstrated between levels of early reperfusion blood flow and leukocyte plugging. The effects, if any, of a critical stenosis on the extent of myocyte swelling are uncertain but are also unlikely to be of primary importance. Our results suggest that a residual stenosis during reperfusion does not influence the development of the reduced myocardial reflow response 4 hr after reperfusion, but our data are not adequate to allow separation of the effects of a stenosis from other mechanisms that may have influenced reflow.
Several recent clinical studies have evaluated the effects of a residual stenosis on myocardial salvage after acute myocardial infarction by comparing coronary thrombolysis alone to percutaneous transluminal coronary angioplasty with or without thromboly-SiS.9' 10, 37 These studies were limited in that the assessment of myocardial salvage was dependent on evaluation of left ventricular functional recovery. O'Neill et al.9 compared early treatment with intracoronary streptokinase to acute coronary angioplasty and despite similar rates of early reperfusion, found a greater extent of late improvement in global and regional left ventricular function in the angioplasty group. Topol et al.10 randomized a subset of 28 patients with residual stenosis after successful recanalization with intravenous tissue plasminogen activator to either acute coronary angioplasty or conservative therapy and demonstrated a greater extent of improvement in regional but not global left ventricular function in the angioplasty group. However, these findings were not corroborated in a larger multicenter trial (386 patients) initiated by the same investigators. In this study, late left ventricular function was not shown to be influenced by early angioplasty.37 These latter findings are in keeping with our experimental findings and provide further support for our conclusion that immediate mechanical treatment of residual coronary lesions after coronary reperfusion may not be beneficial in terms of myocardial salvage.
A few possible limitations need to be addressed. The present study failed to detect a significant effect of a critical stenosis on variables of infarct size or left ventricular function after 4 hr of reperfusion, but we cannot rule out the possibility that differences would have appeared during a more extended reperfusion protocol. Other limitations relate to the methodologic dissimilarities between our experimental preparation and the clinical setting. Both collateral blood supply and oxygen demand in the anesthetized canine preparation are likely to be different from those in patients with ischemic heart disease. In addition, an experimental stenosis CIRCULATION LABORATORY INVESTIGATION-MYOCARDIAL INFARCTION and occlusion produced by a mechanical screw occluder and snare occluder are, at best, a crude representation of the pathophysiologic process of atherosclerosis and acute myocardial infarction in man. Finally, it should be recognized that our study evaluated the effects of a critical stenosis representing a diameter reduction of 70% to 75% and these data may not apply to those patients with higher grade coronary lesions after thrombolysis. However, the mean residual stenosis after thrombolysis in most clinical studies has been in the range of 68% to 82%,9, 10, 38 thus supporting the use of a 70% to 75% stenosis preparation in our study. Nevertheless, caution should be exercised in extrapolating our data to the clinical setting.
In summary, the presence of a critical stenosis did not influence infarct size or early left ventricular functional recovery after 2 hr of coronary occlusion and 4 hr of reperfusion in our experimental canine preparation. The critical stenosis resulted in abolition of the early hyperemic response to the subendocardium but did not affect the development of reduced reflow during late perfusion. These experimental data suggest that immediate mechanical intervention may not increase myocardial salvage in patients with residual stenoses after coronary thrombolysis.
